l e t t e r s Transposable element (TE)-derived sequences comprise half of the human genome and DNA methylome and are presumed to be densely methylated and inactive. Examination of genomewide DNA methylation status within 928 TE subfamilies in human embryonic and adult tissues identified unexpected tissue-specific and subfamily-specific hypomethylation signatures. Genes proximal to tissue-specific hypomethylated TE sequences were enriched for functions important for the relevant tissue type, and their expression correlated strongly with hypomethylation within the TEs. When hypomethylated, these TE sequences gained tissue-specific enhancer marks, including monomethylation of histone H3 at lysine 4 (H3K4me1) and occupancy by p300, and a majority exhibited enhancer activity in reporter gene assays. Many such TEs also harbored binding sites for transcription factors that are important for tissue-specific functions and showed evidence of evolutionary selection. These data suggest that sequences derived from TEs may be responsible for wiring tissue typespecific regulatory networks and may have acquired tissuespecific epigenetic regulation.
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A large portion of eukaryotic genomes is derived from TEs 1 . TEs have been described as parasitic or junk DNA. But there is mounting evidence of their evolutionary contribution to the wiring of generegulatory networks [2] [3] [4] [5] [6] [7] , which is based on a theory rooted in Barbara McClintock's discovery that TEs can control gene expression 3, 8, 9 . TEs contain functional binding sites for transcription factors 6, 10, 11 ; TE DNA sequences are presumed to be methylated in somatic cells to suppress transposition and TE-mediated changes in gene expression [12] [13] [14] .
However, the extent to which DNA methylation silences TEs and how DNA methylation-mediated silencing of TEs is reconciled with the known regulatory functions of TE sequences remain unexplored.
To construct TE DNA methylation profiles, we assayed 29 human samples representing 11 cell types using 2 complementary DNA methylomics methods: methylated DNA immunoprecipitation followed by sequencing (MeDIP-seq) and methylation-sensitive restriction enzyme sequencing (MRE-seq) 15, 16 . Tissue and cell types included embryonic stem cells (ESC H1), fetal brain tissue and primary neural progenitor cells (derived from cortex or ganglionic eminence regions), primary adult breast epithelial cells (luminal epithelial cells, myoepithelial cells and a progenitor cell-enriched population), unfractionated peripheral blood mononuclear cells (PBMCs) and adult immune cells, including naive CD4 + , memory CD4 + and naive CD8 + T cells.
Mapping short-read data to TEs is difficult, owing to the high copy number of these elements. Standard mapping often discards or misaligns high-quality reads derived from TEs (Supplementary Note). We developed a computational strategy termed the Repeat Analysis Pipeline (RAP) that allows mapping of reads derived from repetitive elements to 1 of 1,395 specific families of human repeats, including 928 TE families (Supplementary Figs. 1-5 and Supplementary Note). RAP includes features from three previously published methods [17] [18] [19] [20] combined with new technical modifications (Online Methods).
As expected, sequences from the majority of TE families were methylated in all samples examined. The total MeDIP-seq signal, which represents the proportion of individual TE families that are methylated, correlated tightly with the total number of CpGs in each TE family, consistent with the high level of DNA methylation in TEs (R 2 = 0.95; Supplementary Figs. 6-9) . In contrast to the results for TE DNA hypomethylation within specific transposable element families associates with tissue-specific enhancer landscape l e t t e r s families, total MeDIP-seq signal was 4.9% in promoter CpG islands after normalizing for CpG content, consistent with the unmethylated status of promoter CpG islands. Conversely, MRE-seq signal, which measures unmethylated DNA, showed 6.7-fold enrichment for promoter CpG islands relative to TEs (Supplementary Figs. 6-9) .
Notably, we found sequences of numerous TE families that were differentially methylated in specific cell types. Unsupervised clustering of samples on the basis of TE methylation identified a clear relationship among tissue types, indicating that TE methylation is a signature that can distinguish tissue or possibly cell types ( Fig. 1a,b) . We identified 14 TE families with significant (P < 0.05, ANOVA) hypomethylation patterns in brain samples, 55 in breast samples, 13 in blood samples and 13 in ESCs (total of 95 TE families; P < 0.05, ANOVA). More than 800 other TE families were consistently methylated across cell types in these 29 samples (Supplementary Note). Most tissue-specific hypomethylated TEs belonged to the endogenous retrovirus (ERV) or long terminal repeat (LTR) classes (69/95), whereas 12 were DNA transposon families ( Supplementary Table 1 ). These findings are consistent with those of previous studies that have shown that LTR elements participate in the regulation of mammalian genes 3, [21] [22] [23] [24] and support the hypothesis that LTRs might have a role in the epigenetic regulation of cell type-specific gene expression. For each TE family, we identified individual copies that were uniquely mappable and were hypomethylated in a tissue-specific manner. The complete list of TE families and the coordinates of individual elements are provided on our website (Supplementary Note).
We next investigated the genomic distribution of members of TE families showing tissue-specific hypomethylation. Their proximities to RefSeq genes were not different from those expected by chance ( Supplementary Fig. 10 ). However, genes near members of these TE families were significantly enriched for functions specific to the tissue type in which they were hypomethylated ( Table 1 and Supplementary  Table 2 ). For example, hypomethylation of the UCON29 DNA transposon was restricted to fetal brain, and 11 of the 60 genes with a nearby UCON29 element are involved in neuron development (P < 6.6 × 10 −23 , binomial test). Another brain-specific hypomethylated retroelement, LFSINE, was located near 19 of the 87 genes involved in telencephalon development (P < 1.5 × 10 −5 , binomial test). Similarly, genes associated with LTR12 and LTR77, two ERVs hypomethylated in immune cells, were enriched for immune-related functions, including antigen processing and presentation of peptide or polysaccharide antigen via the major histocompatibility complex (MHC) class II (P < 7.4 × 10 −6 , binomial test) and oxidation reduction (P < 3.7 × 10 −6 , binomial test). Although antigen processing and presentation is a known function of lymphocytes and other antigen-presenting hematopoietic cells, the enrichment of genes in the oxidation-reduction process was notable because T cell activation, differentiation and proliferation are sensitive to redox potential 25, 26 .
DNA hypomethylation has been associated with distal regulatory regions 27 . We next asked whether TE sequences with tissuespecific DNA hypomethylation possessed other tissue-specific epigenetic signatures. We generated histone modification data (H3K4me1, H3K4me3 (trimethylation of histone H3 at lysine 4), H3K27me3 (trimethylation of histone H3 at lysine 27), H3K36me3 (trimethylation of histone H3 at lysine 36) and H3K9me3 (trimethylation of histone H3 at lysine 9)) in these same tissues and collected p300 genome-wide locations from related tissues 28 (Fig. 2) . Sequences within hypomethylated TE families showed strong tissuespecific H3K4me1 signals. For example, LTR77, a TE of the ERV class, had the lowest methylated signal (MeDIP-seq) and the highest unmethylated signal (MRE-seq) in blood ( Fig. 2a) Genomic coordinates of individual TE copies of the TE families were used as input for Genomic Regions Enrichment of Annotations Tool (GREAT) analysis 55 . Each gene was assigned a basal regulatory domain ranging from 5 kb upstream to 1 kb downstream of the TSS (regardless of other nearby genes). The gene regulatory domain was extended in both directions to the nearest gene's basal domain, with a maximum extension of 1 Mb in one direction. GO enrichment, P values and FDR values were computed by GREAT.
npg l e t t e r s RAP to H3K4me3 and H3K4me1 chromatin immunoprecipitation and sequencing (ChIP-seq) data from the same samples, we found much stronger signals within the LTR77 family in T cells compared to the three other cell and tissue types examined ( Supplementary  Fig. 11 ). Using data from naive CD8 + T cells, we identified a histone signature for all 148 LTR77 copies along with the 3-kb region centered on each LTR77 element (Fig. 2b,c) . We observed a strong H3K4me1 peak over the region corresponding to the LTR77 element itself, suggesting that at least some LTR77 elements had this enhancer mark. The H3K4me3 peak detected 3 kb downstream of the LTR77 element suggested the presence of nearby promoter activities, potentially from genes regulated by enhancers embedded in LTR77. LFSINE and UCON29 showed enrichment of H3K4me1 specifically in fetal brain (Fig. 2f,g and Supplementary Fig. 12 ). Moreover, LFSINE and UCON29 both accumulated p300-binding signals in the neuroblastoma cell line SK-N-SH but not in any nonneural cell lines, including ESCs, HepG2 and GM12878 ( Fig. 2h and Supplementary Fig. 12 ). Similarly, the T cell-specific hypomethylated TE LTR77 accumulated p300-binding signal in GM12878 cells (a lymphoblastoid cell line) but not in any other cell type (Fig. 2d) .
These results suggested that hypomethylated DNA sequences derived from TEs might serve as tissue-specific enhancers. We next asked whether any of these hypomethylated enhancer-like sequences within TEs might contribute to tissue-specific gene expression. We selected candidate TEs that could be uniquely mapped using our data (summarized in Supplementary Table 3 ). As a proof of principle, we focused on two putative target genes: ERAP1, a gene involved in the generation of most human leukocyte antigen (HLA) class Ibinding peptides, and the glial cell line-derived neurotrophic factor (GDNF) family receptor α1, GFRA1, a neurotrophic factor involved in the control of neuron survival and differentiation 29 (Fig. 3 ). An LTR77 element was detected 2 kb upstream of an ERAP1 alternative transcription start site (TSS) (Fig. 3a) . Our genome-wide data suggested that this element was hypomethylated in T cells (Fig. 3a) , a prediction that was confirmed by locus-specific bisulfite sequencing (Fig. 3b) . In addition to enhancer-like signatures, nuclear factor (NF)-κB and RNA polymerase II (Pol II) ChIP-seq peaks were observed in a lymphoblastoid cell line (GM12878) but not in a non-lymphoblastoid cell line (HepG2). Consistently, ERAP1 showed the highest expression in T cells (Fig. 3c) . The associated LTR77 element had modest enhancer activity in 293T, SK-N-SH and GM12878 cells in reporter assays (Supplementary Fig. 13, LTR77-1) . In brain samples, GFRA1 was the putative target of an LFSINE element (Fig. 3d) . We observed tissue-specific H3K4me1 marks and an H3K4me3 mark in the promoter region in fetal brain but not in T cells (Fig. 3d) . Transcription factor binding motifs, such as that of SOX10, a regulator of neural crest and glial cell development 30, 31 , were identified in the hypomethylated LFSINE element upstream of GFRA1. The LFSINE element was confirmed to be hypomethylated specifically in fetal brain samples by locus-specific bisulfite sequencing (Fig. 3e) . Consistent with the l e t t e r s hypothesis that LFSINE is a tissue-specific enhancer, GFRA1 was highly and specifically expressed in neuronal cells (Fig. 3f) . This element showed enhancer activity in 293T and SK-N-SH cells but not in GM12878 cells (Supplementary Fig. 13 , LFSINE-1). Hypomethylation of these TEs did not seem to be a result of increased expression of nearby genes, as hypomethylation was not observed for other TE families in the same genomic neighborhood ( Fig. 3a,d) . Additional members of the LTR77, LTR12, UCON29 and LFSINE subfamilies were validated and shown to have tissue-specific hypomethylation and associate with nearby tissue-specific gene expression ( Supplementary Figs. 14 and 15) . Of the 36 TE-derived candidates for which we performed reporter gene assays, 26 showed enhancer activities resulting in 5-to 1,000-fold increase in reporter gene expression in at least 1 of the 3 cell lines tested (Supplementary Fig. 13 ). These hypomethylated TE sequences have not previously been annotated as functional elements, but our results suggest that they may influence tissue-specific gene expression.
We next examined the relationship between TE sequences, their epigenetic status and transcription factor binding. We analyzed histone modification and transcription factor binding data from two cell lines (GM12878 and SK-N-SH) that were published by the Encyclopedia of DNA Elements (ENCODE) Project 32, 33 . We focused on individual copies of two TE families that showed tissue-specific hypomethylation in either blood (LTR77) or fetal brain (LFSINE). Consistent with our previous findings, members of these two TE families were enriched for enhancer marks in a cell type-specific manner ( Fig. 4) : LTR77 showed H3K4me1 signal and p300 binding in GM12878 cells but not in SK-N-SH cells, and LFSINE showed p300 binding in SK-N-SH cells but was not enriched for H3K4me1 or p300 signal in GM12878 cells. The binding sites for several transcription factors were enriched in LTR77 and LFSINE elements in a cell type specific manner (Fig. 4) . For example, NF-κB binding overlapped specifically with LTR77 elements in GM12878 cells, RAD21 bound within LFSINE more than within LTR77, and RAD21 bound within LFSINE more in SK-N-SH cells than in GM12878 cells (Fig. 4) . Not unexpectedly, many TEs were predicted to contain a binding motif when scanned using position-specific weight matrices of transcription factors (Fig. 4) . Having a motif was neither necessary nor sufficient for actual binding, which correlated strongly with cell type-specific enhancer marks. Taken together, ENCODE data confirmed that the sequences of specific TE families showed cell type-specific enhancer signatures and cell type-specific transcription factor binding. Whether there is a causal relationship between an epigenetic mark within a TE and transcription factor binding awaits further investigation.
For decades, TEs have been deemed parasitic DNA because of the effect of their transposition in the genome 34, 35 . Transposition of TEs may be deleterious when the inserted elements disrupt coding npg l e t t e r s sequences or normal gene expression, resulting in human diseases [36] [37] [38] . Thus, it is believed that cells have acquired epigenetic mechanisms to cope with TEs, with transposon-derived sequences completely methylated and transcriptionally silent in somatic tissues 14, 39 . However, TE transpositions might provide diverse genetic material for natural selection, which would contribute to the evolution of speciesspecific traits and population biodiversity 40, 41 . Many functional elements were born by 'exaptation' , a process in which DNA from a transposon is co-opted to benefit the host [42] [43] [44] . TE insertions with regulatory functions have been described in mammals 4, 5, 7, 45 . A substantial proportion of constrained noncoding sequences arose from TEs 46, 47 , pointing to transposons as a driving force in the evolution of regulatory networks. Some hypomethylated TE subfamilies identified here were considered to be conserved on the basis of their PhastCons and phyloP scores, suggesting that this conservation might be a consequence of selection ( Supplementary Figs. 16 and 17) . Although we do not know how many TEs have regulatory functions, previous reports indicate that 5% of TEs are under evolutionary constraint 46, 47 .
TE sequences incorporated in gene networks under the control of transcription factors, including TP53 (ref. 6) , OCT4 (refs. 4, 7) , CTCF 48 and MER20, were reported to have contributed to the origin of pregnancy in placental mammals 5 . TE-derived sequences can directly regulate gene expression. For example, ISL1 is regulated by a short interspersed nuclear element (SINE) 49 , as is FGF8 in the forebrain 50 . In both cases, TEs provide distal enhancers that help control the expression of host genes, and the hypomethylation status of these TEs in brain cells was confirmed by our genome-wide data (Supplementary Fig. 14) .
Our findings help to resolve the conflicting observations that TE sequences are globally suppressed by epigenetic mechanisms, including DNA methylation, but mediate gene regulation in some instances. In this study, we challenge the general notion that TEs are constitutively methylated by examining the extent to which TE methylation differs between cell types and the relationship between epigenetic silencing and the potential of TE sequences to affect gene regulation. Epigenetic control of TEs may contribute to developmental stage-specific, cell type-specific and perhaps health conditionspecific gene regulation. Distal regulatory regions are methylated at low levels, show enhancer chromatin marks and are occupied by cell type-specific transcription factors 27 . Our results suggest that some TE sequences match this profile of distal enhancers. With a few exceptions 51, 52 , the majority of human TEs are fixed and no longer active. Sequences within these TEs, however, could be adapted to serve as enhancers, and these sequences might be the reason for their epigenetic regulation. The mechanisms through which DNA within TEs is demethylated and obtains enhancer chromatin marks and the relationship between TE-derived enhancers and other regulatory elements remain to be elucidated. A recent report showed that transposons on a human chromosome acquired activating histone modifications and altered DNA methylation status in mouse cells 53 . In rodents, some endogenous retroviruses function as species-specific enhancers in the placenta 54 . Therefore, as a source of new regulatory elements, the regulatory potential of TEs could be controlled by tissue-or cell type-specific epigenetic regulation. In our study, examination of DNA methylation in four distinct tissue types showed that, although the sequences of many TE families are globally hypermethylated, about 10% of TE families are hypomethylated in a tissue-specific manner and gain distal enhancer signatures. Analysis of a more extensive panel of tissues may show that a much larger portion of sequences derived from TEs harbor gene-regulatory functions.
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